Magnetoresistive effects are usually invariant upon inversion of the magnetization direction. In noncentrosymmetric conductors, however, nonlinear resistive terms can give rise to a current dependence that is quadratic in the applied voltage and linear in the magnetization. Here we demonstrate that such conditions are realized in simple bilayer metal films where the spin-orbit interaction and spin-dependent scattering couple the currentinduced spin accumulation to the electrical conductivity. We show that the longitudinal resistance of Ta|Co and Pt|Co bilayers changes when reversing the polarity of the current or the sign of the magnetization. This magnetoresistance scales linearly with current density and has opposite sign in Ta and Pt, which we associate to the modification of the interface scattering potential induced by the spin Hall effect in these materials. Our results suggest a new route to altering the electric properties of metal films by control of the magnetization. 1 arXiv:1502.06898v1 [cond-mat.mes-hall]
The effects of the magnetization on the electric conductivity of metals have been studied for a long time 1 , providing understanding of fundamental phenomena associated to electron transport and magnetism as well as manyfold applications in sensor technology. The anisotropic magnetoresistance (AMR), the change of the resistance of a material upon rotation of the magnetization, is a prominent manifestation of spin-orbit coupling and spindependent conductivity in bulk ferromagnets 2, 3 . In thin film heterostructures, the additional possibility of orienting the magnetization of stacked ferromagnetic layers parallel or antiparallel to each other gives rise to the celebrated giant magnetoresistance (GMR) effect 4, 5 , which has played a major role in all modern developments of spintronics. Together with the early spin injection experiments 6, 7 , the study of GMR revealed how nonequilibrium spin accumulation at the interface between ferromagnetic (FM) and normal metal (NM) conductors governs the propagation of spin currents [8] [9] [10] [11] and, ultimately, the conductivity of multilayer systems 10, 12 .
Recently, it has been shown that significant spin accumulation at a FM/NM interface can be achieved using a current-in-plane (CIP) geometry owing to the spin Hall effect (SHE) in the NM 13 . When FM is a metal and NM is a heavy element such as Pt or Ta, the spin accumulation is strong enough to induce magnetization reversal of nm-thick FM layers at current densities of the order of j = 10 7 −10 8 A/cm 2 (Refs. 14-16). When FM is an insulator, such as yttrium iron garnet, the SHE causes an unusual magnetoresistance associated to the back-flow of a spin current into the NM when the spin accumulation µ s ∼ (j ×ẑ) is aligned with the magnetization of the FM, which increases the conductivity of the NM due to the inverse SHE [17] [18] [19] [20] . This so-called spin Hall magnetoresistance (SMR) is characterized by R y < R z ≈ R x , where R i is the resistance measured when the magnetization (M) is saturated parallel to i = x, y, z, and differs from the conventional AMR in polycrystalline samples, for which
In this work, we report on a new magnetoresistance effect occurring in FM/NM bilayers with the NM possessing large SHE. The effect combines features that are typical of the current-in-plane (CIP) GMR and SHE, whereby the spin accumulation induced by the SHE in the NM replaces one of the FM polarizers of a typical GMR device. Differently from GMR, however, this effect introduces a nonlinear dependence of the resistance on the current, which
gives it unique unidirectional properties: the resistivity changes when reversing either the sign of the magnetization or the polarity of the current, increasing (decreasing) when the SHE-induced non equilibrium magnetization at the FM/NM interface is oriented parallel (antiparallel) to the magnetization of the FM, as illustrated in Fig. 1a ,b. We associate this phenomenon to the modulation of the FM/NM interface resistance due to the SHEinduced spin accumulation, which gives rise to a nonlinear contribution to the longitudinal conductivity that scales proportionally with the current density and has opposite sign in Pt and Ta. Contrary to the linear magnetoresistive effects, including the AMR, GMR, and SMR described above, which are even with respect to the inversion of either the current or magnetization owing to the time reversal symmetry embodied in the Onsager's reciprocity relations, here we observe R(j, M) = −R(−j, M) = −R(j, −M), providing a unidirectional contribution to the magnetoresistance in simple bilayer systems.
Sample layout
The samples studied in this work are Pt(1-9nm)|Co(2.5nm) and Ta 3 frequency ω/2π = 10 Hz and simultaneously recording the first (R ω ) and second harmonic resistance (R 2ω ) between the contacts shown in Fig. 1c while rotating the sample in a uniform magnetic field of 1.7 T. Here, R ω represents the linear response of the samples to the current, that is, the conventional resistance. In order to include the different magnetoresistive angular dependencies in a single expression we write this term as
where θ and ϕ are the polar and azimuthal angles of M, as schematized in Fig. 2a . R 2ω describes resistance contributions that vary quadratically with the applied voltage and includes the current-induced changes of resistivity that are the main focus of this work. Figure 2b and c show the resistance of Ta(6nm)|Co(2.5nm) and Pt(6nm)|Co(2.5nm) layers during rotation of the applied field in the xy, zx, and zy planes. We observe a sizeable magnetoresistance (MR) in all three orthogonal planes and R x > R z > R y for both samples, in agreement with previous measurements on Pt|Co films 24, 25 . The resistivity of Ta(6nm)|Co(2.5nm) [Pt(6nm)|Co(2.5nm)] is 108.9 (36.8) µΩcm and the MR ratios are
Magnetoresistance measurements
The solid lines represent fits to the MR using Eq. 1 and θ simultaneously measured via the anomalous Hall resistance (see Supplementary Information). In addition to the linear resistance, we measure a significant nonlinear term, R 2ω , which has a different angular dependence compared to R ω and opposite sign in Pt and Ta, as shown in Fig. 2d and e. By fitting the curves with respect to the angles θ and ϕ (solid lines), we find that R 2ω ∼ sinθ sin ϕ ∼ M y . In the following, we discuss the type of nonlinear effects that can give rise to such a symmetry.
Spin-orbit torques and thermoelectric contributions
First, we consider oscillations of the magnetization due to the current-induced spin-orbit torques (SOT) 16, [21] [22] [23] 26 . As the SOT are proportional to the current, ac oscillations of the magnetization can introduce second-order contributions to R 2ω due to the first order MR described by Eq. 1. However, as shown in detail in the Supplementary Information, the SOT-induced signal is not compatible with the angular dependence of R 2ω . Both the fieldlike and antidamping-like SOT (as well as the torque due to the Oersted field) vanish for M y, where |R 2ω | is maximum. Moreover, the field-like SOT is small in 2.5 nm thick Co , can be simply estimated from its transverse (Hall) counterpart scaled by the geometric factor l/w when the magnetization is tilted in the x direction, and subtracted from the raw R 2ω signal. Accordingly, we find that R ∇T 2ω = 5 mΩ in Ta(6nm)|Co(2.5nm), which accounts for only about 50% of the total R 2ω reported in Fig. 2 . The same procedure applied to Pt|Co gives R ∇T 2ω mΩ of the order of 5% of the total R 2ω , whereas in the control samples lacking a heavy metal we find uniquely a signal of thermal (ANE) origin. We conclude that there is an additional magnetoresistive effect in the Pt|Co and Ta|Co bilayers that cannot be accounted for by either current-induced magnetization dynamics or thermoelectric voltages.
Unidirectional spin Hall magnetoresistance
The symmetry as well as the opposite sign of this effect in Ta|Co and Pt|Co suggest that it may be related to the scalar product of the magnetization with the SHE-induced spin accumulation at the FM/NM interface, giving rise to a nonlinear MR contribution R U SM R 2ω ∼ (j ×ẑ) · M. This relation describes the general features expected from a unidirectional magnetoresistance driven by the spin Hall effect (USMR). We note that this MR contribution depends on the current direction and that the resistance of the bilayer increases when the direction of the majority spins in the FM and the spin accumulation vector are parallel to each other, and decreases when they are antiparallel. This may appear counterintuitive at first sight, considering that the conductivity of Co is larger for the majority spins. However, as we will discuss later, this behavior is consistent with the theory of GMR in FM/NM/FM heterostructures 10, 29, 30 when only a single FM/NM interface is retained and the SHE is taken into account.
To investigate further the USMR we have measured R 2ω as a function of an external magnetic field applied parallel toŷ and current amplitude. Figure 3a shows that R 2ω is constant as a a function of field for Ta|Co as well as for Pt|Co (Fig. 3b) . In the latter case we observe also two spikes, which we attribute to the magnetization breaking into domains at low field and giving rise to dynamic effects on the domain walls 16 . Note that the magnetization of Pt|Co is not fully saturated below 0.65 T due to the large perpendicular magnetic anisotropy of this system, differently from Ta|Co (Supplementary Information). Figure 3c shows the current dependence of R U SM R 2ω
obtained by taking the average of the data measured at fields larger than | ± 1| T. R
is linear with the injected current density and converges to zero within the error bar of the linear fit (black lines).
To verify the role of the interfacial spin accumulation due to the SHE we examined the dependence of the USMR on the thickness of the NM. increase below 2-3 nm and a gradual decrease as the NM layer becomes thicker. We note that the USMR signal is almost absent in Ta(1nm)|Co, contrary to Pt(1nm)|Co, which we attribute to the oxidation of Ta when deposited on SiO 2 and its consequent poor contribution to electrical conduction. The initial increase of the USMR is consistent with the increment of the spin accumulation at the FM/NM interface as the thickness of the NM becomes larger than the spin diffusion length, which is of the order of 1.5 nm in both Ta and Pt 31,32 .
Moreover, we observe that the decline of the signal in the thicker samples is stronger in Pt|Co than in Ta|Co. This behavior is consistent with Pt gradually dominating the conduction due to its low resistivity, and a smaller proportion of the current experiencing interface scattering in Pt|Co. Conversely, the high resistivity of Ta shunts the current towards the Co side, increasing the relative proportion of the current affected by scattering at the Ta|Co interface.
As an additional check to validate these arguments we have performed measurements on single Ta(6nm), Pt(6nm), and Co(8nm) layers as well as on Ta(1,6nm)|Cu(2,4,6nm)|Co(2.5nm) trilayers, all capped by 2 nm AlO x . The USMR is absent in the Ta, Pt, and Co single layers, which also excludes any self induced magnetoresistive effect 33 and proves the essential role of the FM/NM interface. On the other hand, we find a sizable USMR when a Cu spacer is inserted between Ta and Co, which excludes proximity-induced magnetization as a possible cause for the USMR (see Supplementary Information) .
Discussion
In order to provide a microscopic explanation for the origin of the USMR we examine the effect of the spin accumulation on the probability of electron scattering at the FM/NM interface. A well-established framework to analyse spin polarized conduction across a FM/NM junction is the two current model, where the minority (spin ↑) and majority (spin ↓) electron channels are considered separately [8] [9] [10] . As in bulk FM, scattering at the interface is spindependent due to the unequal density of majority and minority states near the Fermi level, which, in most cases, leads to a larger resistance for minority electrons relative to majority electrons: r ↓ > r ↑ . This resistance difference is at the heart of the GMR effect, both in the CIP 29, 30, 34 and the current-perpendicular-to-plane (CPP) geometry 10, 35 . Additionally, when an electric current flows from a FM to a NM or viceversa, another resistance term appears due to the conductivity mismatch between majority and minority electrons on opposite sides of the junction, which results in spin accumulation (Refs. 8 and 9). This so-called "spincoupled interface resistance", plays a role in CPP-GMR as well as in local and nonlocal spin injection devices 7, 10, 36 , whereas in the CIP geometry it is normally neglected because there is no net charge flow across the interface and the spin accumulation is assumed to be zero.
If we take the SHE into account, however, the transverse spin current flowing between the NM and the FM induces a splitting of the spin-dependent electrochemical potentials µ ↑ and µ ↓ and a net interfacial spin accumulation µ s = µ ↑ − µ ↓ , which is given by 
where
. ∼ 2r s γ.
Accordingly, using realistic values of r b , ρ N , and ρ F for Ta|Co and Pt|Co, we fit the dependence of the USMR on current and NM thickness to the following phenomenological expression (see Supplementary Information):
A is a parameter proportional to P µ This model captures the essential features of the USMR, namely its sign, angular dependence, and proportionality to the current; a more quantitative treatment would require introducing ∆µ-dependent reflection and transmission coefficients for electrons impinging on the FM/NM interface in a way analogous to that used to model the CIP-GMR using a semiclassical Boltzmann approach 29, 30 . Here, similarly to the CIP-GMR, the conductivity of the layers is given by an integral over the z-and spin-dependent electronic distribution function with the boundary conditions imposed by interfacial scattering. However, contrary to GMR, there is no need for a second FM layer as the spin polarization is created by the NM via the SHE, which also explains the nonlinear character of the USMR. Detailed calculations including realistic scattering parameters and SHE 38 should be able to account for quantitative aspects of the USMR in different materials.
In summary, we found that the SHE adds a nonlinear term to the resistance of FM/NM bilayers that is proportional to (j ×ẑ) · M and has the invariance of the cross product j × M. The magnetoresistance and Hall voltage measurements were performed at room temperature by using an ac current modulated at ω/2π = 10 Hz, generated by a constant current source.
The longitudinal and transverse voltages were recorded simultaneously during 5 s at each angle position in a uniform external field, and fast Fourier transformed to extract the first and second harmonics.
